Introduction
The early developmental stages of copepods (eggs, nauplii, and copepodites) are the main food of a majority of larval fish species (Last, 1980; Turner, 1984) . The traditional view on marine food-web dynamics has emphasized the importance of the spring diatom bloom that fuels the reproduction of herbivorous calanoid copepods and the production of the copepod prey of fish larvae (e.g. Kiørboe, 1991; Fortier et al., 1992) . Hence, it is often postulated that high fish production depends on the herbivorous food web, which mostly occurs at hydrodynamic discontinuities such as seasonal thermoclines, stratification fronts, upwellings, ice edges, river plumes, and shelf breaks (Cushing, 1989; Legendre and Le Fèvre, 1989; Kiørboe, 1991 Kiørboe, , 1993 .
The discovery of microbial pathways (e.g. Azam et al., 1983; Goldman, 1988) has shown the major role played by small plankton in pelagic ecosystems. The significant contribution of small phytoplankton (<5 m) to total primary production and the grazing of these small cells by microphages (e.g. ciliates, appendicularians, marine cladocerans, cyclopoid copepods) suggest that some of the production of small phytoplankton could be exported towards fish larvae through the microbial food web. Cyclopoid copepods, which consume small particles (Morales et al., 1991; Wickham, 1995a) , could play an important role in the transfer of energy between small phytoplankton and fish larvae because of their ubiquity and high abundances in oceans (Paffenhö fer, 1993; Sabatini and Kiørboe, 1994; Fransz and Gonzalez, 1995) . Several species of fish larvae prey *Contribution to the programme of GIROQ (Groupe interuniversitaire de recherches océanographiques du Québec). on appendicularians, cladocerans, and pteropod larvae in addition to copepods (e.g. Shelbourne, 1962; Last, 1980) . Appendicularians feed upon a wide size range of organisms, including small-sized particles down to 0.2 m (King et al., 1980; Deibel and Lee, 1992; Urban et al., 1992) . Marine cladocerans ingest microflagellates as well as protozoa (Sherr et al., 1986b; Turner et al., 1988; Sanders and Wickham, 1993) . Thecosomous pteropods of the genus Limacina feed on small particles (Gilmer, 1974; Fortier et al., 1994) and their larvae are preyed upon by fish larvae.
Furthermore, the importance of diatoms in the diet of calanoid copepods may have been overestimated (Sheldon et al., 1986; Kleppel et al., 1991) . Given a choice, calanoid copepods will prey on the most nutritional food available (Kleppel and Burkart, 1995) , in particular those prey with a high nitrogen content (Poulet, 1983; Cowles et al., 1988; Gifford, 1991) . In some seasons, microzooplankton, such as ciliates may constitute the bulk of the energy intake (Stoecker and Capuzzo, 1990; Dolan, 1991b; Pierce and Turner, 1992; Dam et al., 1993; Nielsen and Kiørboe, 1994) and there is mounting evidence that ciliates can support the reproduction of calanoid copepods (Kleppel et al., 1991; Urban et al., 1992; Ohman and Runge, 1994) . Hence, the reproduction of calanoid copepods (and the production of larval fish prey) is perhaps not always limited to hydrodynamic singularities where large phytoplankton dominates the primary production.
The above leads to the hypothesis that the production of small phytoplankton could significantly contribute to the feeding of fish larvae through omnivory by calanoid copepods and microphagy by cyclopoid copepods, appendicularians, cladocerans and pteropod larvae (see also Sherr et al., 1986a; Nielsen et al., 1993; Sanders and Wickham, 1993) . In a previous paper (Mousseau et al., 1996) , we discussed the relative importance of the microbial and herbivorous trophic pathways over the annual cycle on the Scotian Shelf (North-west Atlantic). We concluded that the herbivorous and microbial grazing modes co-occurred year-round and that metazoan production could be sustained by the production of both large and small phytoplankton throughout the year. In the present study, we relate the production of fish larvae and their prey to the annual cycle of size-fractionated phytoplankton biomass and production on and around Sable Island Bank (Scotian Shelf). In particular, we adress the hypothesis that both the herbivorous food chain and the microbial food web contribute to channel energy from primary producers to fish larvae.
Materials and methods
Size-fractionated phytoplankton biomass and production, zooplankton and larval fish densities were determined monthly from March 1991 to March 1992 at two stations west of Sable Island on the Scotian Shelf. The first station (ca. 80 m deep) was located on the shelf at the north-east edge of Sable Island Bank ( Fig. 1) and will be referred to as the shelf station. The second station (ca. 50 m deep) was located on Sable Island Bank and will be referred to as the bank station. Details of the methodology used for determining size-fractionated (<5 m or >5 m) phytoplankton biomass and production are given in Mousseau et al. (1996) . In summary, water samples were taken at 10 optical depths (i.e. depths at which pre-determined percentages of incident light occurred) in the euphotic zone at each station. Chl a and pheopigment concentrations were determined by the fluorometric method of Holm-Hansen et al. (1965) as modified by Parsons et al. (1984) . Primary production was estimated by the 14 C method following Parsons et al. (1984) . Samples for pigment and primary production determinations were filtered in parallel through 5 m (large fraction) and 0.4 m (total) Poretics filters. Pigment concentrations and primary production for the small fraction was obtained by subtraction (total minus large fraction). For the purpose of this study, phytoplankton biomass and production were integrated over the euphotic zone and are presented as areal (m 2 ) values.
For each size fraction of phytoplankton, the ratio of pheopigments to total pigments (pheopigments+chl a) was used as an index of grazing pressure. A basic assumption of this approach is that there is neither metabolic loss nor photodegradation of pheopigments (Welschmeyer and Lorenzen, 1985; Legendre et al., 1993) . Under this simplifying assumption, which has been criticized (e.g. Conover et al., 1986; Lopez et al., 1988; Landry et al., 1995) , high ratios would characterize potentially high grazing pressure, whereas low ratios would indicate that only a small fraction of the phytoplankton biomass is grazed. Since pigment concentrations were obtained by subtraction, determination errors tend to add up and make the index of grazing pressure more imprecise for the small fraction (<5 m) than for the large fraction (>5 m). Zooplankton and fish larvae were collected with a 50 cm diameter bongo sampler, equipped with 253 m and 153 m mesh nets. A small cylindrical net (1.9 m long, 10 cm diameter aperture, 64 m mesh) was mounted on top of the bongo frame to sample the microzooplankton prey of fish larvae. General Oceanic flowmeters (first four surveys) and TSK flowmeters (following surveys) were used to determine the volume filtered. At each station, the sampler was cast in a double-oblique tow from the surface down to 5 m above the sea floor, at a towing speed of 2.5 knots (1.25 m s ) for the 64 m net. Plankton samples were preserved in 4% buffered formalin. In the laboratory, zooplankton taxa in the 153 and 64 m nets were identified and enumerated. Fish larvae were sorted from the three nets and identified to species whenever possible.
Results

Phytoplankton biomass and production
At the shelf station, the biomass of large phytoplankton (probably diatoms, see Mousseau et al., 1996) was highest in spring and early summer (March to July), after which it declined more or less progressively towards a minimum in January (Fig. 2a) . The springsummer increase in large phytoplankton coincided with variable rates of primary production ( Fig. 2b ) and low grazing rates (Fig. 2c) . At the bank station, the biomass of large phytoplankton was generally low (<10 mg chl a m 2 ) except for a sharp increase in February-March 1992 (Fig. 2d ) that coincided with relatively high production rates ( Fig. 2e ) and decreasing grazing indices (Fig. 2f) . Outside the spring bloom, several strong outbursts of large phytoplankton production in summer, autumn and winter (Fig. 2b ,e) did not result in accumulations of biomass (Fig. 2a,d ), consistent with strong grazing pressure in these months (Fig. 2e,f) .
Except during peak production and accumulation of large phytoplankton in April 1991 (shelf station) and February-March 1992 (bank station), small-sized phytoplankton contributed the major part of both biomass and production (Figs 2 and 3). At the shelf station, variable and relatively high biomasses in spring and summer corresponded to variable and low grazing pressure, whereas low and stable biomasses in winter months coincided with relatively high and stable grazing indices (Fig. 3a,c) . The seasonal pattern of biomass and grazing pressure was less clear at the bank station. Again, relatively high biomasses in May, June and September coincided with low grazing indices (Fig. 3d,f) .
At both stations, production by small phytoplankton increased progressively from a minimum in MarchApril to a maximum in August-September, followed by strong fluctuations in autumn and winter (Fig. 3b,e) . The increased production of small phytoplankton in the summer months did not result in any marked accumulation of biomass.
Zooplankton
Except for copepod eggs and thecosome pteropod larvae, which were markedly more abundant at the bank station than at the shelf station, the annual average abundance of the different zooplankton taxa was similar at both stations (Table 1) . Cyclopoid copepods were represented by the small Oithona similis, which dominated the copepod assemblage by numbers. Numerically important calanoids included Pseudocalanus spp., Centropages spp. and Calanus finmarchicus. Other abundant potentially important prey of fish larvae included appendicularians, thecosome pteropod larvae, and cladocerans.
At both stations, the abundance of free copepod eggs (released by large calanoid brooders) was higher in autumn (August to November) (Fig. 4) . The contribution of egg sacs (from cyclopoid and small calanoid egg-bearers such as Pseudocalanus) was high at the bank station in late winter and spring. On the shelf, concentrations of nauplii peaked in March and October with low values (<2000 m 3 ) in early summer and late winter. On the bank, concentrations remained relatively constant and high (>2000 m 3 ) throughout the year. The numerically important species of copepods showed different annual cycles of abundance (Fig. 4) . The cyclopoid O. similis increased in number in spring and its abundance remained high throughout autumn and winter, especially at the bank station. Pseudocalanus spp. and Centropages spp. were abundant from late summer to late winter and almost absent in spring. C. finmarchicus was abundant in late winter and spring.
Other zooplankton taxa that may be important prey of fish larvae exhibited similar seasonal cycles at the two stations, often with a period of high abundance in summer (Fig. 5) . Appendicularian abundance was maximal in March but also showed relatively high values in September (shelf) and August (bank). Cladocerans were present from August to October only. The abundance of thecosome pteropod larvae peaked in early autumn and again in winter. Finally, tintinnids, which are representative of the largest ciliates in the plankton, were present in variable number throughout the year with peaks in abundance in summer and early spring (both stations) or winter (shelf).
Ichthyoplankton
The ichthyoplankton assemblage comprised at least 15 taxa (Table 2) . Gadidae were the most diverse family with five species, followed by Pleuronectidae (two species). Seven other families were represented by one species only. On an annual basis, fish larvae were more abundant at the bank station than on the shelf.
Based on their diets, larval fish species were classified into two major groups (Table 3) . In most cases, diet compositions are based on the analysis of larvae sampled in the area west of Sable Island during the same period as in the present study. Group I comprises fish larvae that prey on calanoid copepods at all developmental stages. This group includes some species that also exploit cyclopoid copepods and thecosome pteropod larvae of the genus Limacina. Group II includes species that prey on appendicularians and cladocerans in addition to calanoid copepods. Group II is subdivided into IIa, in which larvae added cladocerans and appendicularians to their diet late in planktonic life, and IIb, in which appendicularians and cladocerans entered the diet at the first-feeding stage. In all groups, calanoids are the main copepods on which fish larvae prey, cyclopoids contributing marginally to the diet. Note however that the taxonomic order (cyclopoid or calanoid) of copepod nauplii prey was not ascertained. Group I includes the majority of species (mainly Gadidae) occurring in our collections. Group IIa consists of sand lance, Atlantic mackerel, red hake and Figure 2 . Large (>5 m) phytoplankton biomass (a, d) and production (b, e) and percent contribution of pheopigments to total pigments (c, f) at the shelf and bank stations on the Scotian Shelf (NW Atlantic), from March 1991 to March 1992. Biomass, production, and ratios pheopigments:total pigments were estimated at 10 optical depths and integrated over the euphotic zone.
cunner, and Group IIb comprises all the sampled flatfish species.
Fish larvae occurred year-round, with at least one species emerging in any month (Fig. 6) . Diversity (number of species) was lowest in April and June and highest from July to October. The number of species within Group I was quite constant over time, with lowest values from April to June. The four species of Group IIa occurred in succession throughout the year, only one of them being present in a given month. The three species of flatfish larvae (Group IIb) occurred from July to October.
Discussion
Size-fractionated primary production and the production of larval fish food
The match/mismatch theory assumes that the production of fish larvae in temperate waters generally coincides with phytoplankton blooms and peak reproduction of herbivorous copepods in spring and autumn (Cushing, 1975 (Cushing, , 1990 . In the present study, the spring bloom of large phytoplankton coincided with low grazing pressure. Outside the spring bloom, sustained (shelf) Figure 3 . Small (<5 m) phytoplankton biomass (a, d) and production (b, e), and percent contribution of pheopigments to total pigments (c, f) at the shelf and bank stations on the Scotian Shelf (NW Atlantic), from March 1991 to March 1992. Note that pigment concentrations for the small fraction were obtained by subtraction (total minus large fraction) so that determination errors tend to cumulate in the pheopigments:total pigments ratio (see Materials and methods). Biomass, production, and ratios of pheopigments:total pigments were estimated at 10 optical depths and integrated over the euphotic zone.
or pulsed (bank) production of large phytoplankton in summer, autumn and winter did not result in blooms, consistent with a stronger grazing index in these months. These observations support the notion that a phytoplankton bloom occurs when the development of biomass goes unchecked by grazers (Legendre, 1990; Kiørboe, 1993) . The spring bloom of large phytoplankton was followed one month later by an increase in the number of copepodites of the large calanoid C. finmarchicus, a typical situation in high-latitude and temperate Atlantic waters (Ellertsen et al., 1989; Runge et al., 1990; Sameoto and Hermann, 1992) . The reproduction of other calanoid copepods such as Pseudocalanus spp. and Centropages spp. occurred throughout the summer and autumn months, presumably fuelled by grazing on the persisting production of large phytoplankton.
Outside the spring bloom of large phytoplankton, small phytoplankton contributed the bulk of primary production. The increased production of small phytoplankton in summer and the persistence of this production throughout autumn and winter (Fig. 2) was paralleled by the reproduction of the abundant cyclopoid Oithona similis. Thus, the long reproduction period of both calanoid and cyclopoid copepods ensured that copepod nauplii, which are the main staple of most species of fish larvae at first-feeding, were not restricted to spring and autumn but were available throughout the year, in particular on Sable Island Bank.
The summer increase in the production of small phytoplankton did not result in any marked accumulation of biomass. Since small phytoplankton sink slowly or not at all (Malone, 1980; Kiørboe, 1993) , the lack of accumulation suggests that the production was grazed in the euphotic zone by microphagous zooplankton. On the Scotian Shelf, two large microphages were exploited directly by fish larvae and are of special interest for this study: these were thecosome pteropod larvae of the genus Limacina and appendicularians. Thecosome pteropods use a mucous web to capture food. Particles <5 m dominate their diet in numbers (Gilmer, 1974; Gilmer and Harbison, 1986) . Their reproduction (and hence the production of larvae) spanned the period of small phytoplankton production (summer to late winter). Appendicularians can filter a wide range of particle sizes (0.2 to 20 m) encompassing both small and large phytoplankton (King et al., 1980; Alldredge and Madin, 1982; Deibel and Powell, 1987; Urban et al., 1992; Sanders and Wickham, 1993) . Their numbers increased during the spring bloom of large phytoplankton and during the summer maximum in production of small phytoplankton. Hence, consistent with the wide range of particle size exploited by appendicularians, the reproduction of this group appeared to be supported by the production of both large and small phytoplankton (Urban et al., 1992) . Another potential pathway for the export of carbon from small phytoplankton to higher trophic levels is through the small omnivores associated with the microbial food web. On the Scotian Shelf, two such omnivores are exploited to some extent by fish larvae: Oithona similis and cladocerans of the genera Evadne and Podon. Oithona similis can feed on a wide size range of organisms (3 to 67 m; Poulet, 1978; Morales et al., 1991) , including flagellates (Paffenhö fer, 1993; Sabatini and Kiørboe, 1994) , ciliates (Wickham, 1995b) and nauplii of other copepods (Gauld, 1966; Marshall and Orr, 1966) . The diets of Evadne and Podon are poorly known, but the available information also points towards unselective feeding on a range of particle <20 m (Turner, 1984; Sanders and Wickham, 1993) . The reproduction of the cyclopoid O. similis paralleled the long production period of small phytoplankton with an increase in summer and persistence through the winter months ( Figs 2, 4) . On the contrary, cladoceran numbers increased in late summer only, suggesting that factors other than the availability of small phytoplankton (e.g. water temperature) may constrain the development of this group.
In addition to the large microphages and omnivores discussed above, flagellates and ciliates such as tintinnids can also exploit the production of small phytoplankton (Fenchel, 1982; Sherr et al., 1986a; Bernard and Rassoulzadegan, 1993) . On the Scotian Shelf, tintinnids were present in variable numbers year-round, with high abundances in summer and late winter. This is generally consistent with reports of high concentrations of flagellates and ciliates (tintinnids) in temperate waters in summer and autumn (Fournier et al., 1977; Sanders, 1987; Dolan, 1991a; Leakey et al., 1992) . Although Table 2 . Ichthyoplankton sampled at the shelf and bank station on the Scotian Shelf (NW Atlantic), from March 1991 to March 1992. Abundances (ind 100 m 3 ) are averaged over the sampling period. Table 3 . Major prey items (d8% of diet) of fish larvae sampled on the Scotian Shelf (NW Atlantic).
Copepods
Pteropods Cladocerans Appendicularians Others Nauplii Calanoid Cyclopoid
FF: present in the diet of first-feeding larvae (smallest size feeding). PFF: present in the diet of post first-feeding larvae. Diets were determined for larvae sampled in the same area and the same period as in the present study, except for sources b and c. a Fortier et al., unpublished data, b Last (1980) , Turner (1984) , c Checkley (1982) , d Fortier and Villeneuve (1996) , e Chaumillon et al., in press. tintinnids are sometime preyed upon by fish larvae (see the review of Pierce and Turner, 1992) , the main contribution of ciliates to the flux of carbon from small phytoplankton to ichthyoplankton could be channeled through large calanoid copepods. Ciliates can constitute a significant fraction of the energy intake of calanoid copepods and may contribute significantly to their reproduction (see Introduction). In the present study, the production of free copepod eggs and copepod nauplii increased during summer and autumn as the production of large phytoplankton declined, which suggests that calanoid copepods may have fed on other prey than large phytoplankton (i.e. tintinnids and other ciliates) to sustain their reproduction. Ohman and Runge (1994) observed such a trophic link in the Gulf of St Lawrence where ciliate prey supported the reproduction of Calanus finmarchicus (whose nauplii are a major prey in the diet of redfish larvae) outside the spring phytoplankton bloom, thus allowing the transfer of carbon to fish larvae through the microbial web. Yet, in our sampling area, the moderate production of large phytoplankton in summer, autumn and winter could nevertheless have supported some of the observed reproduction of calanoid copepods in these seasons. Thus, whether tintinnids and other ciliates contributed significantly or not to the flux of carbon between small phytoplankton and fish larvae (through the omnivory of calanoid copepods) cannot be ascertained.
Production of fish larvae in relation to the production of their prey On the continental shelves of temperate seas, different fish species spawn in succession so that fish larvae are often produced year-round (e.g. Russell, 1930; O'Boyle et al., 1984; Sherman et al., 1984) . While the biomass of large phytoplankton peaked in spring on the Scotian Shelf, phytoplankton production was sustained through much of the year, as reported by Sherman et al. (1984) for the shelf from Cape Hatteras to the Gulf of Maine. The reproduction of copepods (calanoid and cyclopoid) and the production of fish larvae also persisted yearround on the Scotian Shelf. Larval fish species that specialized on copepod prey (Group I) did not emerge exclusively during or immediately after the spring bloom but were present in succession year-round, exploiting the continuous production of copepod nauplii and copepodites. Within the group of species that added cladocerans and/or appendicularians to their diet of copepods late in ontogeny (Group IIa), the ubiquitous sand lance was the only species that exploited the year-round production of copepod and appendicularian prey. The larvae of the three other species (Atlantic mackerel, red hake, and cunner) were produced in summer and autumn, coincident with the production of cladocerans but also with high water temperature (not shown). In all three cases, cladocerans made up a Table 3 ).
relatively large fraction of the diet (27 to 60% by numbers), so that it is suspected that the availability of this prey played some role in determining the reproduction season of these species. The production of flatfish larvae, that actively selected appendicularians during their entire ontogeny (Chaumillon et al., in press) (Group IIb), did not coincide with the maximum production of appendicularians in spring. This suggests that constraints other than the availability of preferred prey, such as warm temperature, prevailed in determining the spawning strategy of this group.
Planktonic food webs and the export of carbon towards fish larvae Based on the dynamics of size-fractionated phytoplankton, Mousseau et al. (1996) proposed a conceptual model of trophic pathways on the Scotian Shelf that involved bottom-up and top-down controls. We then argued that the herbivorous and microbial food webs occur simultaneously in the water column of the Scotian Shelf and that their relative importance varies according to the season. Thus, a potential exists yearround for the export of primary production to higher trophic levels. In the present study, we developed our model one step further by considering the transfer of primary production towards zooplankton and fish larvae (Fig. 7) .
In the herbivorous food chain, only two trophic steps separate fish larvae from the primary producers (i.e. large phytoplankton<calanoid copepods<fish larvae). The trophic distance between primary producers and fish larvae that prey on appendicularians and thecosome pteropod larvae is as short (small phytoplankton<large microphages<fish larvae). Thus, grazing of small phytoplankton by large microphages constitutes a trophic shunt of the microbial web that can efficiently export the production of small cells towards fish larvae. On the Scotian Shelf, the production of small phytoplankton is higher than that of large phytoplankton, Figure 7 . Schematic representation of trophic pathways from phytoplankton to fish larvae on the Scotian Shelf. Rectangles: the herbivorous food chain, rooted in the production of large phytoplankton (>5 m). Ellipses: the microbial web, rooted in the production of small phytoplankton (<5 m). Two short, efficient pathways between phytoplankton and fish larvae -the herbivorous chain and the large-microphage shunt -are represented by thick arrows. Thin solid arrows represent documented fluxes; dashed lines represent weak or poorly documented fluxes. especially in late summer. Apparently, several fish species (i.e. Sub-Groups IIa and IIb and, to a lesser extent, some members of Group I) have evolved life strategies to exploit this source of food by producing larvae that prey on appendicularians and thecosome pteropods.
In the case where the production of small phytoplankton is channelled through ciliates (e.g. tintinnids) and omnivores (e.g. cyclopoid copepods, cladocerans, and, eventually, calanoid copepods), the export of carbon from the primary producers to fish larvae would be much less efficient than through the microphage shunt because of the additional trophic step(s) involved. It remains that, in addition to direct transfer through the large microphage shunt, the potential exists on the Scotian Shelf for some of the production of small phytoplankton to be exported to fish larvae through ciliates and omnivorous crustaceans. Thus, the microbial food web does not necessarily represent a carbon ''sink'' (sensu Sherr et al., 1987) for the ecosystem, since some carbon can be exported from it towards exploitable resources.
The potential importance of microbial pathways in the pelagic ecosystem of the Scotian Shelf leads us to reconsider the usual view that the feeding of fish larvae depends mainly on the spring production of large phytoplankton and the reproduction of calanoid copepods. In the studied area, the sustained production of both small and large phytoplankton and the co-occurrence of the microbial and herbivorous grazing modes within the multivorous food web (Legendre and Rassoulzadegan, 1995) allows year-round production of copepod and non-copepod prey of fish larvae. Hence, a spawning strategy that concentrates the production of the fish larvae during the spring bloom does not appear mandatory. This conclusion does not preclude the possibility that inter-annual differences in the feeding success, growth and survival of fish larvae can result from inter-annual variations in the timing and level of production of their prey during the planktonic drift.
